Mechanical fatigue subject to external and inertia transient loads in the service life of mechanical systems often leads to structural failure due to accumulated damage. A structural durability analysis that predicts the fatigue life of mechanical components subject to dynamic stresses and strains is a computer-intensive, multidisciplinary simulation process, since it requires the integration of several computer-aided engineering tools and large amounts of data communication and computation. Uncertainties in geometric dimensions result in the indeterministic fatigue life of a mechanical component. Uncertainty propagation to structural fatigue under transient dynamic loading is not only numerically complicated but also extremely expensive. It is, therefore, a challenge to develop a durability-based design-optimisation process and reliability analysis to ascertain whether the optimal design is reliable. The objective of this paper is to develop an integrated CAD-based computer-aided engineering process to effectively carry out design optimisation for structural durability, yielding a manufacturable, durable, and cost-effective product. In addition, a reliability analysis is executed to assess the reliability of the deterministic optimal design. Keywords: sizing and shape design; design optimisation; durability; fatigue life; multibody dynamics; reliability analysis; design-sensitivity analysis. 
Introduction
Components of machines, vehicles, and structures are frequently subject to transient dynamic loads, and the resulting fluctuation in stresses can lead to microscopic physical damage to the materials involved. Since one common form of mechanical failure is structural fatigue due to damage accumulation through transient dynamic loads during the service life of a mechanical system, fatigue failure continues to be a major concern in engineering design. Fatigue damage is a complicated metallurgical process that is difficult to accurately quantify for components of mechanical systems, since it requires the multidisciplinary integration of several computer-aided engineering tools, such as multi-body dynamics, Finite Element Analysis (FEA), durability analysis, and large amounts of data communication and computation. Moreover, uncertainties in geometric dimensions due to manufacturing tolerances result in the indeterministic fatigue life of a mechanical component. Given the capability of durability analysis to consider damage accumulation, effective durability-based design and reliability assessment tools are needed to yield an optimised design for durability and to ascertain if the deterministic optimal design is reliable.
At present, there are three major approaches (Madsen, 1993; Bannantine et al., 1990; Tipton and Fash, 1989) to predict fatigue failure: the stress-life (S-N) method, the strain-life method, and a fracture mechanics approach. The traditional approach to durability analysis is based on the stress-life method, which relates applied stresses directly to the total life. One of the major drawbacks of this approach is that it ignores true stress-strain behaviour and treats all strains as elastic. The strain-life method is based on the observation that damage is dependant on plastic deformation or strain, which is the method used in this paper. Finally, fracture mechanics treats growing cracks specifically using fracture mechanics methods. Some attempts have been made in Yu et al., 1997; Yu et al., 1998) to implement durability and safety design approaches; in addition, uncertainty issues have been addressed to estimate the reliability for the fatigue of mechanical components.
The objective of this paper is to develop an effective design-optimisation process and reliability analysis for large-scale structural durability with sizing and shape-design parameters. A durability analysis predicts a crack initiation fatigue life as a performance requirement. The integration of structural design sensitivity analysis (DSA) (Haug et al., 1986) and design optimisation entails the following steps: parameterisation of the CAD model; life prediction through durability analysis; computation of the design velocity field to define material point movement due to shape change in the CAD model; DSA of the fatigue life with respect to sizing and shape-design parameters; iterative design optimisation of the parameterised CAD model; and finally, consistent finite element mesh update. To ensure an efficient design-optimisation process, a preliminary fatigue analysis identifies critical regions that experience a short life in the mechanical system. In addition, uncertainties due to manufacturing tolerances are addressed at the end of the design-optimisation process in order to quantify the reliability of the optimised design.
A durability model of an Army trailer is employed to demonstrate numerical feasibility and effectiveness of the integrated CAD-based process for structural durability optimisation and reliability analysis.
Durability design optimisation
The Army trailer shown in Figure 1 (a) is used to perform durability design optimisation, since damage accumulation leads to structural fatigue failure at the drawbar assembly, as shown in Figure 1(b) . Thus, it is proposed to predict critical regions in terms of fatigue life, to improve design through durability design optimisation, and to assess the reliability of the optimised design. A dynamic model is created to drive the trailer on the test road (the Perryman course #3) at a constant speed of 15 miles per hour forward. A 30-second dynamic simulation is performed with a maximum integration time step of 0.005-second using the dynamic analysis package DADS. Durability analysis is carried out using Durability Analysis and Reliability Workspace (DRAW) developed at the University of Iowa (DRAW, 1994) . A preliminary durability analysis is executed to estimate the fatigue life of the army trailer and predict critical regions that experience low fatigue life. As shown in Figure 2 , the drawbar assembly contains the critical region, excluding the fictitious critical regions for the modelling imperfection due to the applied boundary conditions. Accordingly, only the drawbar assembly is considered in the design-optimisation process. The integrated design-optimisation process involves:
• design parameterisation
• DSA
• design optimisation.
Design parameters of the drawbar assembly are carefully defined for consideration of geometric and manufacturing restrictions. Based on the shape-design parameterisation, design velocity field is computed to describe shape perturbation. Design velocity field is used to remesh the finite element when the design shape is changed. DSA of Stress Influence Coefficient (SIC), perturbed transient dynamic stress, and perturbed fatigue life are used to compute the design sensitivity of fatigue life Yu et al., 1997; Yu et al., 1998; DRAW, 1994) . The SIC is the structural stress response subject to a unit load of each dynamic loading case. Durability design optimisation is carried out, using the result of durability analysis, design parameterisation, and design sensitivity analysis. Notch effect for the optimised design is considered for computation of the fatigue life at rivet holes. Finally, a reliability analysis is carried out to quantify reliability of the optimal design.
Durability analysis for crack initiation fatigue life
For durability analysis, fatigue life for crack initiation is calculated at critical regions that experience short life in the mechanical system. The fatigue-life computation consists of two primary computations Yu et al., 1998) : dynamic-stress computation and fatigue-life computation. The dynamic stress can be obtained either from hardware prototype experiment (mounting sensors or transducers on the physical component) or from numerical simulation. Using simulation, SIC obtained from quasi-static FEA is superposed with the dynamic analysis results, including external forces, accelerations, and angular velocities, to compute the dynamic-stress history.
Since dynamic-stress histories contain very large amount of data, it is generally necessary to reduce or condense the amount of data using peak-valley editing before computing the crack initiation fatigue life. The edited dynamic-stress histories are then used to perform a cycle counting in order to transform variable amplitude stress or strain histories into a number of constant amplitude stress or strain histories. These histories are finally used to compute crack initiation fatigue life of the component.
Design parameterisation
The design parameterisation task for the drawbar is to define design parameters that need to be considered in the design-optimisation formulation. For this, a CAD-based model of the drawbar assembly is parameterised for iterative design optimisation. Two types of design parameters are considered for the drawbar: sizing and shape. To describe shape perturbation, the design velocity field is computed in terms of perturbation of shape-design parameters. For the design velocity, an isoparametric mapping method is used to minimise FE distortion for large-shape-design perturbation (Haug et al., 1986) .
Design parameterisation for drawbar
As shown in Figure 3 , the drawbar assembly is composed of one central bar, two side bars, six side angles, two side attachments, and top/bottom plates. The optimum design of the drawbar assembly needs to be symmetric, and thus design parameterisation is made to yield a symmetric design. The thicknesses of bars and attachments at the initial design are uniform. However, the thicknesses of the drawbar assembly that could be changed during the design-optimisation process are modelled as sizing design parameters. While maintaining the rectangular shape of the central and side bars, its height and width are considered as shape-design parameters. Table 1 , seven design parameters are defined for the drawbar assembly. The first five are sizing design parameters, which are the thickness of the drawbar, angles, and attachments. The shape-design parameters are defined as the width and height of the cross-sectional geometry of the drawbar. It is decided that the same cross-sectional geometry be used for all drawbar assembly (even though their thicknesses might be different). The design parameterisation process is carried out by using a CAD model. 
Cross-section width of three bars 1.000 2.000 5.000 Shape
Cross-section height of three bars 1.000 3.000 5.000 (Choi and Chang, 1994) The process of deforming shape design may be viewed as a dynamic process of deforming a continuum design, which can be described by design velocity field over the design domain. The design velocity field can be characterised by a mapping between the deformed and the undeformed designs. Since a FE method is used as the analysis tool, it is desirable to use a design velocity that can yield a regular mesh distribution after shape perturbation. This paper employed the isoparametric mapping (Choi and Chang, 1994) to compute design velocity field for the shape-design parameters defined on the CAD model.
Design velocity field computation for drawbar

Design sensitivity analysis for fatigue response
The sensitivity computational procedure for fatigue life is clearly explained in Yu et al., (1997; 1998) . First, quasi-static loadings, consisting of inertia force and reaction force, need to be computed. For this problem, there are a total of 114 quasi-static loading cases. The 114 loading cases are applied to the drawbar assembly to perform FE analyses to obtain the Stress Influence Coefficients (SICs), which are used to compute dynamics stress history of the current design. This dynamic-stress history is used to predict fatigue life of the perturbed design. Also, continuum-based DSA of SICs are carried out, which are then used to predict dynamic-stress history of the perturbed design. This perturbed dynamic-stress history is then used to predict fatigue life of the perturbed design. Finally, the design sensitivity of fatigue life is computed by taking a finite difference of the original and perturbed fatigue lives.
Computation of quasi-static loading and stress influence coefficient FE analysis
To compute SICs, the quasi-static analyses are carried out, which include inertia forces due to gross body motion (IFGBM), inertia forces due to elastic deformation (IFED), and external & joint reaction forces. Among these forces, IFGBM and external & joint reaction forces are assumed to be independent of design changes of the drawbar. Under this assumption, vehicle dynamic analysis need not to be carried out for the new drawbar design obtained during the design-optimisation iteration. On the other hand, IFED depends on the elastic deformation, which was computed using the mode synthesis method. Since mode shapes depend on the design variables, IFED depends on the sizing and shape-design parameters.
Continuum DSA of SIC
The direct differentiation method (Haug et al., 1986 ) is used for DSA of SICs. Since there are seven design parameters and 114 loading cases, the direct differentiation method requires 798 FE re-analyses to calculate the fatigue-life sensitivity. One major challenge is that this requires a significant memory to store the analyses results. To alleviate the problem, separate analyses per design parameter are performed to reduce the required computer memory. There is an additional option to further reduce the size of memory. That is, since the design change is limited to the drawbar and attachments, only a small portion of FEA results is necessary for use in the design sensitivity calculation. To understand such possibility further, consider the following form of sensitivity equation (Haug et al., 1986) .
In the discretised FE matrix form, this equation corresponds to
From the assumption that mass and inertia characteristics of the trailer do not change significantly due to the sizing and shape design change that occurred locally, the dynamic properties of the trailer would remain unchanged. Thus, the contribution ( ) δ ′ l b z from the applied load to the design sensitivity in Eq. (1) vanishes. The contribution ( , ) δ ′ b a z z from the structural stiffness involves numerical integration over finite elements that are affected by design changes. Thus, it is possible to carry out the design sensitivity computation using FEA results at the drawbar only, which will significantly reduce the amount of required data storage.
The solution of Eq. (2) is the design sensitivity { } ′ z of the displacement { . From this design sensitivity, the design sensitivity of the stress can be calculated using a chain rule of differentiation as
where δ i b is a variation of design.
Computation of design sensitivity using Eq. (3) is straightforward if / σ ∂ is available. For FEA, NASTRAN is used, where the grid-point (GP) stress calculation involve nonstandard interpolation and averaging scheme between elements surrounding the node (Macneal, 1994; MSC.NASTRAN, 2001) , which is considered in the stress sensitivity calculation of Eq. (3). 
Formulation for durability design optimisation
The design object is to increase the fatigue life of the drawbar, while minimising the weight (cost function) of the Army trailer drawbar assembly. Due to restrictions in manufacturing and assembling processes, side constraints are generally imposed on design parameters. Therefore, the design-optimisation problem can be formulated as
where W(b) is the weight of the drawbar assembly, L i (b) is the fatigue life at the i th node, L min is the required minimum fatigue life, g i is the i th design constraint, and b l and b u are lower and upper bounds of design parameters, respectively. In Eq. (4), NCT is the number of design constraints, and NDV is the number of design parameters.
For seven design parameters (NDV = 7), the base design and design bounds are shown in Table 1 . The side constraints need to be set by considering the restriction of manufacturing and assembling processes. That is, it is not possible for any upper bound of the sizing design parameter to have larger than half of the lower bound of the corresponding shape-design parameter in the same cross-section.
For optimisation, it will be extremely difficult to define fatigue-life constraints over the entire drawbar assembly in continuum manner, since there could be an infinitely many constraints. It is desirable to define a finite number of fatigue-life constraints over only critical regions. If this design formulation is used, since the optimisation is carried out with only critical regions under consideration, the resulting optimum design must be rechecked whether the fatigue life over the whole optimised drawbar assembly exceeds the required minimum fatigue life. As shown in Figure 4 and Table 2 , it is found that the critical region is located at the central bar. Using the symmetry, ten critical nodes (NCT = 10) are selected along the centre of top and bottom of the central bar. The required minimum fatigue life is set to be 3.0 × 10 8 cycles, which is more than 30 times of shortest life at the base design, which is 9.425 × 10 6 cycles. As shown in Table 2 , the fatigue life is widely varied in the range of 10 7 to 10 12 cycles, resulting in large differences (even in order of magnitudes) in design constraints during the design-optimisation process. Therefore, the design constraints are normalised by the required minimum fatigue life, as shown in Eq. (4). For design optimisation, a modified feasible direction method is used (Arora, 1989; Vanderplaats, 1997) .
It is noted that, at the base design, another seemingly critical region appeared at the tip of the drawbar, which is fictitious due to the boundary condition at the tip of the drawbar. This kind of modelling for the base design was done since the fatigue failure was known to be near the region where three bars met. The fictitious critical region at the tip of the drawbar is magnified, as shown in Figure 5 . The fatigue lives at two nodes (L node=344 = 3.25 × 10 6 and L node=386 = 7.89 × 10 6 ) are very low. However, it is obviously incorrect due to the boundary conditions applied at the tip. In FEA, the tip area is complex to model properly, since it has a surgebrake with its complicate attachment to the trailer drawbar. A close-up of the surgebrake and its attachment to the trailer drawbar is shown in Figure 6 . The surgebrake assembly is mounted on top of the drawbar; however, they are not included in the FE model. In addition, three bolts through the drawbar to attach the surgebrake are simulated as a rigid beam in the FE model, which are located at three fourth of the height from the bottom. It is noted that the fictitious critical region is near where the 1st bolt is located, as shown in Figure 6 . If short fatigue life is suspected in this region, more detailed FE modelling will be required in flexible dynamic analysis and fatigue prediction. For computation of the reliability (or probability of failure) of the mechanical component, the probabilistic fatigue-life performance measure is defined as
where X is a random vector, and a failure event is defined as
Thus, the probability of failure P f is defined as
where NRV is the number of random variables. In Eq. (6), is the joint probability density function of the random variable X, and the evaluation of the probability of failure involves a multiple-integration.
( ) f X x
It is difficult to evaluate the probability of failure, since multiple-integral in Eq. (6) is impossible to compute over an implicit failure function of the random vector X. Some approximate probability integration methods have been developed to provide efficient solutions, while maintaining a reasonable level of accuracy, such as the first-order reliability method (FORM) or the asymptotic second-order reliability method (SORM) with a rotationally invariant reliability measure (Madsen et al., 1986; Hasofer and Lind, 1974) . FORM often provides adequate accuracy, and the HL-RF method is widely used for the reliability analysis (Hasofer and Lind, 1974) .
Due to manufacturing tolerances, geometric dimensions in the trailer drawbar are considered as uncertainties. As shown in Table 3 , random parameters are characterised by their statistical moments and distribution types. After deterministic optimisation, the optimum design is considered as the mean of random parameters and 10% Coefficient of Variation (COV) is used with normal distribution. Table 3 Design and random parameters in bracket 
Results of durability design optimisation
Results of design sensitivity analysis
In Table 4 , the design sensitivity results of the weight and ten fatigue-life constraints with respect to seven design parameters for the base design are listed. It can be seen that the weight is more sensitive with respect to first two design parameters, since six side angles and two side bars take the largest portion of the weight in the drawbar assembly, as shown in Figure 3 . Thus, in order to minimise the weight of the drawbar, the first two design parameters will be reduced, whereas the fourth and fifth design parameters have smallest effects. As for fatigue-life constraints, the second and third design parameters influence more significantly, whereas the seventh design parameter does not affect fatigue life at all. Since the central bar turns out to be the weakest link in the drawbar assembly, it is natural that the change in the thickness of the central bar affects fatigue life more than others. On the other hand, the seventh design parameter does not help to improve the fatigue life.
As a consequence, it is expected that the third design parameter will increase to correct the violated constraints (g 1 and g 2 ), whereas the first and second design parameters are expected to decrease to reduce the weight of the drawbar. The rest of design parameters are expected to change somewhat because they have a relatively smaller contribution to both weight and fatigue life in the drawbar. However, it is not at all clear what should be the optimum design, unless an optimisation algorithm is used. 
Results of design optimisation
As shown in Tables 5 and 6 , the optimum design is obtained in four iterations. At the optimum design, the total mass is reduced by about 40% of the original mass (from 58.401 to 35.198 lb), while all fatigue-life constraints are satisfied. As shown in Figure 4 , the critical region at the base design is spread over the front of the central bar. Among the ten design constraints, only the first and second constraints (at nodes 425 and 424) are violated or active at the base design. On the other hand, at the optimum design, the first, third, and sixth design constraints (nodes 425, 426, and 370) turn out to be active, as shown in Table 6 . At the optimum design, all thicknesses are decreased except for the central bar, and the width and height of all bars become smaller. Due to decrease of some sizing design parameters and both shape parameters, the mass is saved about 40%. The first two design parameters b 1 and b 2 begin to decrease slowly in the beginning of the optimisation iterations and then rapidly decreased to the lower bound, since more rigid side bars and angles penalise the central bar so that fatigue life is decreased in the central bar. Moreover, increasing its thickness by 35% (b 3 : from 0.25 to 0.3375 in) further reinforces the central bar, resulting in a longer fatigue life in the central bar. At the optimum design, the fourth and fifth design parameters (triangle plates and side attachments) are reduced by about 9% since the weight can be effectively reduced while the fatigue lives at the critical regions are not reduced significantly. Regarding the shape-design parameters, the width and height are reduced by about 10% and 17%, respectively. Design changes are summarised in Table 7 . Since optimisation is carried out by considering only critical regions, the optimised design must be confirmed through reanalysis whether fatigue life over the entire drawbar assembly exceeds the required minimum fatigue life. As shown in Figure 7 , the original critical region (nodes 425 and 424) at the base design seems to be bifurcated into the original region (node 425) and around node 426 at the optimum design. Except the tip of central bar shown in Figure 7 , all other areas satisfy the required minimum fatigue life. Similar to the base design, the fictitious critical region is detected at the tip of the drawbar. As explained earlier in Section 2.3.1, it is suspected that the boundary condition at the tip caused the fictitious short fatigue life. 
Results of design optimisation considering notch effects
Having identified the region near node 425 on the trailer drawbar as the location of shortest fatigue life, it is now judicious to apply the fatigue-strength reduction factor (K f ) to account for the effect of geometric discontinuities located in the critical region, as shown in Table 8 . The incorporation of a fatigue-strength reduction factor in the analysis reduces the predicted fatigue life in a manner proportional to the severity of the geometric discontinuity. In the critical region of the drawbar with short fatigue life, there are connection points where other mechanical components are attached to the drawbar by rivets. Application of a fatigue-strength reduction factor accounts for the reduction in the fatigue life that results from the presence of the rivet holes in the drawbar structure. K f is calculated from the stress intensification factor, K t , and the notch sensitivity factor, q. Based on references in the literature, values of K t and q were estimated, and the associated K f values were calculated to be 2.6. Using this K f , the fatigue life on Perryman #3 course is estimated to be 9,580 miles, which means that a fatigue crack will not initiate and grow to a 2 mm length until the trailer traverses 9,580 miles of Perryman course #3 at 15 mph, or 638 hours of continuous running. While the fatigue life of the base design was 180 miles or 12 hours. This means that the fatigue life of the optimum design is 53.2 times more than the base design. Therefore, the fatigue life of trailer drawbar is significantly improved through the design optimisation, while reducing the weight by 40%. 
Results of reliability analysis for durability-based optimal design
The reliability analysis of the durability-based optimum design is carried out to estimate the reliability. In general, well-optimised deterministic design is supposed to have 50% reliability, since the optimum design is located near some design constraint boundaries. As shown in Table 9 , the optimal design turns out to be unreliable with 49.7% (β = 0.073) of probability of failure, since the most probable point obtained from FORM are very close to the optimal design. Due to the fact that the deterministic optimal design is unreliable, it is necessary to perform a reliability-based design optimisation (RBDO) for reliable and durable design. Among all random parameters, uncertainty of 3rd random parameter (central bar thickness) influences the probability of failure most significantly. Thus, unless a new reliability-based optimum design is obtained, the thickness of the central bar needs to be manufactured accurately to increase reliability. However, this will increase the manufacturing cost significantly. 
Conclusion
In this paper, durability design optimisation is carried out to improve fatigue life of an Army trailer drawbar. For design optimisation, critical regions with low fatigue life are identified through the preliminary durability analysis. Both the sizing and shape designs of the drawbar are parameterised to allow design changes in the design-optimisation process. Continuum-based DSA is carried out for SICs for 114 loading cases that are applied to the drawbar assembly to obtain perturbed dynamic-stress history, which is then used to predict the fatigue life of the perturbed design. Design optimisation is successfully carried out to increase fatigue life of the drawbar by 53.2 times and reduce the weight up to 40%. Moreover, the optimum design is reanalysed by considering notch effects due to rivet holes in the critical region. Finally, reliability analysis is executed to evaluate the reliability of deterministic optimum design under manufacturing tolerances. From the fact that its probability of failure is 49.7%, a reliability-based design optimisation (RBDO) needs to be carried out to obtain a reliable and durable optimum design.
